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Formation of bonded dicarbon C-C centers is deduced from the observation of Raman lines at
1742, 1708, and 1674 cm21 in GaAs codoped with 12C and 13C after annealing at 850 –C with
concomitant loss of vibrational scattering from CAs. The frequencies agree with results of ab initio
theory for a C-C split interstitial (deep donor) formed by the trapping of a mobile interstitial C
(displaced CAs) atom by an undisplaced CAs acceptor. Other mechanisms of carrier loss are inferred
since a weaker Raman triplet is detected at 1859, 1824, and 1788 cm21 from a different C-C
complex. [S0031-9007(96)01981-3]
PACS numbers: 61.72.Vv, 61.72.Ji, 63.20.Pw, 78.30.FsCarbon atoms occupying As lattice sites sCAsd are the
preferred acceptor in GaAs [1] but they have a small
covalent radius so that the lattice parameter sa0d of the
as-grown material is smaller than that of undoped GaAs.
Annealing highly doped samples sT , 850 –Cd leads to
large reductions in the initial carrier concentration po ,
[2] and an increase of a0 towards that of undoped GaAs.
There is no evidence for carbon site switching to produce
CGa donors [3], and the change in a0 is not explained
because As and Ga atoms have similar covalent radii [4].
It was later proposed that the introduction of interstitial
hydrogen atoms might play a role [4] since they passivate
the CAs acceptors [3] and the H-CAs pairs reduce the
lattice contraction [5]. However, highly doped GaAs
grown by chemical beam epitaxy (CBE) containing a
negligible concentration of hydrogen also shows high
temperature instability [6]; this proposal is also clearly
incorrect.
A third proposal, the subject of this Letter, is that at
elevated temperatures CAs acceptors jump into interstitial
sites. The presence of such Ci atoms has been invoked
to explain channeling measurements in as-grown epitaxial
GaAs:C, but the possibility that there may have been
effects due to the presence of a large concentration of
hydrogen was not considered [7]. However, if Ci atoms
were mobile they could be trapped by CAs atoms to form
split-interstitial pairs sC 2 Cdf100g aligned along a [100]
direction [8,9]. Ab initio local density functional theory0031-9007y96y78(1)y74(4)$10.00(LDF) predicts that the defect is a deep donor and that
s12C-12Cd1 pairs in AlAs give rise to a Raman active
stretch mode at a frequency of 1590 cm21 and an infrared
(IR) active E mode at 443 cm21 [8]: we show that the
corresponding frequencies for the analogous defect in
GaAs are predicted to be 1798 and 329 cm21. To date,
only broad bands at 1355 and 1585 cm21 have been
observed in Raman spectra of annealed GaAs following
ion implantation with 12C [10]. These features correspond
to the D and G bands of sp2 bonded graphitic carbon
particles, and they shift to lower energies when samples
are implanted with 13C, rather than 12C, confirming the
proposed assignment.
We now report a study of carbon doped GaAs that re-
ceived only thermal treatments to avoid possible compli-
cations arising from radiation damage [11]. The samples
were grown at 540 –C by CBE using triethylgallium and
cracked arsine and were doped with carbon (12C, 13C,
or a mixture of 12C and 13C) derived from 12CBr4 and
13CBr4 sources. Values of p0 were determined from Hall
effect measurements (300 K) and of [C] by secondary ion
mass spectrometry (SIMS) (see Refs. [3,12]). Anneals,
carried out in flowing gas (10% H2 in Ar) with a face-
to-face capping configuration using undoped GaAs, were
made at temperatures up to 850 –C for up to 4 h. Raman
measurements (77 K) were made in the backscattering
geometry using excitation either from an Ar1 ion laser
shnL ­ 2.71 eVd or from a Kr1 ion laser (hnL ­ 3.00© 1996 The American Physical Society
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was either parallel or perpendicular to that of the detected
light. The thicknesses of the epitaxial layers s.300 nmd
were much greater than the probing depths in the Raman
experiments of 20 and 10 nm, respectively for the two
lasers [12].
Raman measurements (2.71 eV excitation) made on a
sample with f12CAsg0 (Raman and SIMS) ,p0 , 2.5 3
1020cm23 (Hall) showed reductions in the strength of the
scattering from the 13CAs mode upon thermal annealing,
corresponding to a ,70% reduction in f13CAsg using the
established calibration for 12CAs [13]. For optical exci-
tation at 3.00 eV (Fig. 1) no calibration is available but
there is an inferred 90% reduction in f13CAsg. As the
probing depths for the two laser lines differ by a factor
of 2, the Raman data could indicate a greater reduction
of fCAsg (after annealing) close to the surface. The final
value of fCAsgA is the sum of the electrically compensated
and uncompensated isolated acceptors since a change
in the charge state from C2As to C0As does not lead to a
measurable shift in the localized vibrational mode (LVM)
frequency [11]. The value of fCAsgA ­ 8 3 1019 cm23
shnL ­ 2.71 eVd was larger than pA , 3 3 1019 cm23
and so the concentration of hole traps that were intro-
duced must have been ,5 3 1019 cm23. We shall iden-
tify these traps with f13C-13Cg1 defects present as single
FIG. 1. Raman scattering (resolution 2.5 cm21) from a
sample with f13CAsg0 ­ 2.5 3 1020 cm23 showing reductions
in f13CAsgA as a function of annealing treatments. Changes
in the strength and position of the resonantly enhanced 2LO
scattering are due to changes in p and the improvement of
the crystal perfection with increasing temperature (or time) of
the anneal.deep donors involving ,1020 cm23 carbon atoms. It is
implied that additional carbon atoms in a concentration
of ,7 3 1019 cm23 were present as electrically neutral
complexes. Weak Raman scattering from the symmetric
A1 mode of H-CAs pairs was present in some as-grown
samples [12], although it was usually, but not always,
absent after the anneal sfH-CAsg # 3 3 1018 cm23; de-
tection limit #5 3 1017 cm23; measurements made on 4
samplesd. The loss of CAs was therefore not due pre-
dominantly to the indiffusion of H atoms during the cool-
ing period at the end of the anneal.
The most important new Raman results are shown in
Fig. 2. In annealed (825 –C, 3.5 h) GaAs:12C sp0 ­
5 3 1020 cm23d, two lines are observed at 1742 and
1859 cm21. In GaAs:13C sp0 ­ 5 3 1020 cm22d, there
are two corresponding lines at 1674 and 1788 cm21,
each isotopically shifted by a factor of 1.040, close to
s13y12d1y2 ­ 1.041. These modes relate to (C-C) di-
carbon centers incorporating equivalent carbon atoms
since two triplet structures are present, each with relative
strengths close to 1:2:1 in samples containing nearly equal
concentrations of f12Cg and f13Cg of 1.0 3 1020 cm23:
modes from 12C-13C pairs occur at 1708 and 1824 cm21
(Table I). All lines in the lower frequency group (T1)
FIG. 2. Raman scattering (resolution 2 cm21) from an-
nealed samples that contained (a) f12CAsg0 ­ 5 3 1020 cm23,(b) f13CAsg0 ­ 5 3 1020 cm23, and (c) nearly equal concen-
trations of f12CAsg0 ­ f13CAsg0 ­ 1.0 3 1020 cm23 and with
p ­ 2.5 3 1020 cm23. Samples (a) and (b) each show two
lines, and there are isotopic shifts produced by changing 12C to
13C. The triplet structures shown by sample (c) demonstrate
that the defects are bonded (C-C) dicarbon defects (Table I).75
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at the higher frequencies (T2) have D ­ 17 cm21. The
modes have A1 symmetry since the strength of the scatter-
ing is greater for parallel rather than crossed polarizations
of the incident and scattered radiation [12]. We note that
the frequency of the line from 12C-12C pairs at 1742 cm21
is comparable with that of a double bonded C
—
C struc-
ture that has a characteristic frequency of 1650 cm21 in
molecules [14].
Two of our samples doped with 12C and 13C, respec-
tively, showed broad bands at ,1600 and 1370 cm21 due
to sp2-bonded clusters of 12C [10]. We attribute these
bands to surface contamination because of the lack of an
isotopic shift.
Since two Raman triplets are observed, it is necessary
to consider whether one or two types of bonded (C-C)
center are formed. The observations could relate to a
single defect with a deep level (involving a highly local-
ized electron) present in two charge states: alternatively,
T2 might be due to the excitation of bonded (C-C) modes
combined with carbon-induced resonances s,120 cm21d
derived from the top of the transverse acoustic phonon
band of GaAs, previously found for isoelectronic 11BGa
impurities at 123 cm21 [15]. It is not known if carbon
resonances exist as IR absorption measurements cannot
be made because there is intense free-carrier absorption
in this spectral region. However, this second possibility
is considered unlikely as the strength of T2 is about 30%
of that of T1 in all the annealed samples. The relative
strengths of the two s13C-13Cd lines were unchanged after
wet etching was used to reduce the thickness of a 13C
doped layer by 50%. Nevertheless, the two s12C-12Cd
modes observed in one as-grown 12C sample had ap-
proximately equal strengths, rather than the 3:1 ratio—
this observation may indicate that two distinct centers are
present.
To study the effect of photo-generated carriers on the
charge state of the scattering centers, the incident power
density (hnL ­ 3.00 eV: laser power on the sample
150 mW, focused spot 70 mm in diameter) was reduced
by a factor of 3. This resulted in a reduction in the
intensity of the 1742 cm21 s12C-12Cd mode (T1: Table I)
by a factor of 1.9: the corresponding reduction in the
1859 cm21 (T2) line was 2.3. The scattering from
both modes changes sublinearly with excitation power,
indicating that photo-generated carriers may have some
effect on the charge state and hence on the apparent
concentrations of the scattering centers.
Spectra were then recorded for the sample doped with
12C using laser energies of 2.71, 3.00, or 3.05 eV (Fig. 3).
The lines at 1859 cm21 s1788 cm21d from 12C (13C) (T2)
show strong resonant enhancements when hnL is close to
the E1 gap of GaAs of ,3.00 eV (see Ref. [16]). The
nonresonant behavior of the line from T1 at 1742 cm21
s1674 cm21d provides evidence that two complexes with
different electronic levels are present, only one of which76TABLE I. Experimental and calculated LVM frequencies
and calculated lengths B sÅd of the C-C bonds of dicarbon
complexes in GaAs.
Triplet frequencies scm21d B sÅd
(C-C) Defect 12C- 12C 12C-13C 13C-13C C-C
Expt.:T1 1742 1708 1674
Expt.:T2 1859 1824 1788
LPFa sC-Cd1f100g 1798 1764 1728 1.24
LPFa sC-Cd0f100g 1507 1478 1448 1.31
LDF sAs caged0 1887 1850 1813 1.23
LDF sGa caged0 1657 1624 1592 1.26
asC-Cdf100g center in As lattice site with 69Ga neighbors: shifts
on replacing 69Ga by 71Ga less than 0.002 cm21; E modes pre-
dicted at ,320 and 417 cm21 for the positive and neutral charge
states, respectively, are not observed by Raman scattering or by
IR absorption.
could be a sC-Cdf100g split interstital. Two further weak
lines at 1152 cm21 (12C) and 1120 cm21 s13Cd (not
shown) were only detected for excitation with hnL ,
3.0 eV but were not observed in the mixed isotope
sample. The frequency ratio of these lines (1.028) is
significantly smaller than that for a full carbon isotopic
shift (1.041), and assignments of these lines are unknown.
The structure and vibrational frequencies of the
sC-Cdf100g complex in GaAs were calculated by ab initio
LDF theory (see Refs. [8,17]) for both its positive and
FIG. 3. Raman spectra of an annealed (850 –C) GaAs: 12C
sample showing resonant enhancement for hnL , 3.0 eV
(resolution 6 cm21) of the line at 1859 cm21 but not for that at
1742 cm21 (Table I, Fig. 2).
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for sC-Cd1f100g are in good agreement with those measured
for T1, but the calculated decrease in the frequencies for
sC-Cd0f100g is inconsistent with an assignment to T2 that
occurs at a higher frequency than T1. The reason for the
calculated decrease is that the highest occupied electronic
state is an antibonding p-like pair of orbitals forming E
states so that electron density is removed from the C-C
bond. Alternatively, the modes of T2 might be explained
according to preliminary calculations by a neutral [100]
oriented (C-C) pair that occupies a tetrahedral interstitial
As cage and could be a deep acceptor. A similar (C-C)
pair occupying a Ga cage is a donor, but the properties
of other complexes such as a pair of dimers occupying
second neighbor As sites have not been investigated.
In conclusion, anneals of CBE GaAs:CAs layers lead
to the loss of isolated CAs acceptors and the formation
of dicarbon C-C complexes, identified by high frequency
Raman active modes from crystals containing 12C and
13C. Ab initio calculations predict vibrational frequencies
for the positively charged split-interstitial defect occupy-
ing an As lattice site sC-Cd1f100g that are close to those
of the lower frequency T1: Frequencies predicted for
sC-Cd0f100g are not consistent with those for T2 that might
be due to a sC-Cd0 pair in an interstitial site with As near-
est neighbors. The assignments of the two triplets to a
single donor and a neutral defect, respectively, are consis-
tent with our analysis relating to the loss of CAs acceptors.
These measurements imply transfer of CAs atoms to inter-
stitial sites and the capture of these atoms by undisplaced
CAs atoms and possibly the formation of bonded diinter-
stitials. These processes indicate mechanisms for the loss
of free carriers in annealed highly carbon doped GaAs.
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